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I. Introduction
The physics of heavy quarks has attracted intense interests in recent years, partly because of the discovery of the flavor and spin symmetries in QCD, SU(2) f ×SU(2) s , in the heavy quark limit and the establishment of the heavy quark effective theory (HQET) [1] . Compared with the research on heavy mesons, heavy baryons have been studied less both theoretically and experimentally. However, more and more experimental data for heavy baryons have been and will be obtained. This will help to test theoretical predictions for heavy baryons. For example, the lifetime of Λ b has been measured in several experiments [2] . The measurement of the nonleptonic decay of Λ b , Λ b → ΛJ/ψ, has been done [3] . There have also been the measurements of the semileptonic decays of Λ b , Λ b → Λ c l −ν l anything [4] and Λ b → Λ c l −ν l [5] . On the other hand, since heavy baryons are composed of three quarks instead of two, theoretical studies for heavy baryons become more complicated. In order to understand the hadronic structure of heavy baryons, more theoretical and experimental studies are needed.
HQET can simplify the physical processes involving heavy quarks. Λ b is composed of a heavy b quark and two light quarks, u and d. When the heavy quark mass is very large compared with the QCD scale Λ QCD , the light degrees of freedom (the light quark system) in a heavy baryon becomes blind to the flavor and spin quantum numbers of the heavy quark because of the SU(2) f × SU(2) s symmetries. Therefore, the angular momentum and flavor quantum numbers of the light degrees of freedom become good quantum numbers. Hence it is natural to regard the heavy baryon Λ b to be composed of a heavy quark and a light scalar diquark, [ud] 0 , with [ud] flavor quantum number and zero spin and isospin.
The Bethe-Salpeter (BS) equation is a formally exact equation to describe the relativistic bound state [6, 7, 8] . In the heavy quark limit the BS equation can be simplified to a great extent and has been applied to give many theoretical results concerning heavy mesons and heavy baryons [9, 10, 11, 12, 13, 14] . With the model for the composition of Λ b which is described above the heavy baryon Λ b is reduced from a three-body system to a two-body system. In this picture the BS equation for Λ b was established [10, 11] . A scalar confinement and a one gluon exchange term compose the kernel of the BS equation in this model. Furthermore, this model was generalized to the heavy baryons Σ b which are regarded to be composed of a heavy quark and an axial-vector diquark [12] .
In HQET the strong interaction of a heavy quark with four-velocity v can be described by the following Lagrangian density [1, 15] :
where h v denotes the field of the heavy quark, M Q is the mass of the heavy quark,
and G µν is the gluon field tensor. The second operator in Eq. (1) is related to the average kinetic energy of the heavy quark due to the residual motion of the heavy quark inside the heavy hadron and the third one corresponds to the spin energy of the heavy quark.
The kinetic energy and the spin energy of the heavy quark can be described by the following two local matrix elements respectively:
and
where H Q (Q = b or c) denotes a heavy baryon containing a heavy quark Q and M is the mass of H Q .
The parameters µ 
II. Formalism for the BS equation for Λ b
As discussed in Introduction, Λ Q is regarded as the bound state of a heavy quark and a light diquark. Based on this picture the BS wave function of Λ Q is defined as follows:
where ψ(x 1 ) and φ(x 2 ) are field operators of the heavy quark and the diquark, respectively, and P is the momentum of Λ Q . The BS wave function in the momentum space, χ P (p), is related to χ(x 1 , x 2 , P ) through the following equation:
where p and x(= x 1 − x 2 ) are the relative momentum and the relative coordinate of the heavy quark and the light scalar diquark, respectively, and X is the center of mass coordinate which is defined as
, with M D being the mass of the diquark. The momentum of the heavy quark is p 1 = λ 1 P + p and that of the diquark is p 2 = −λ 2 P + p.
The mass of the heavy baryon, M, satisfies the following relation:
where E 0 is the binding energy in the leading order of 1/M Q expansion.
The BS equation in the momentum space can be written as follows [10] :
where G(P, p, q) is the kernel which is defined as the sum of all the two particle irreducible diagrams with respect to the heavy quark and the light diquark. S F and S D in Eq. (7) are propagators of the heavy quark and the light scalar diquark, respectively.
The kernel G(P, p, q) includes two terms in the model: a scalar confinement term V 1 and a one gluon exchange term V 2 [9, 10, 12] ,
where p 2 and p ′ 2 are the momenta of the light diquark attached to the gluon. The vertex of the gluon with the diquark depends on the structure of the diquark. This is taken into account by introducing a form factor
It has been shown that in the leading order of 1/M Q expansion we only need one scalar function, φ P (p), to describe the BS wave function [10] . φ P (p) is related to χ P (p) as the following:
where v is the velocity of the heavy baryon and u Λ Q (v) is the spinor of the heavy baryon.
Define the longitudinal and transverse momenta with respect to v:
Using the covariant instantaneous approximation, p l = q l , at the vertex of the heavy quark and the gluon, we have the BS equation in the leading order of 1/M Q expansion,
whereφ P (p t ) ≡ (dp l /2π)φ P (p) andṼ stands for V in the covariant instantaneous
Integrating Eq. (10) by dp l /2π and applying the residue theorem we obtain the equation for the BS wave function,φ P (p t ),
The kernelṼ 1 andṼ 2 have the following expression in the case of the heavy baryon [10, 12] :
where κ and α eff s are coupling parameters related to the scalar confinement and the one gluon exchange diagram, respectively. The second term in Eq. (12) is the counter term which removes the infra-red divergence in the integral equation. The parameter u is introduced to avoid the infra-red divergence in numerical calculations.
The limit u → 0 is taken in the end.
SubstitutingṼ 1 andṼ 2 into Eq. (11) we have
III We use the following normalization condition to fix the amplitude of the BS wave function 3 :
3 One can also use the expression µ
This expression is independent of how the BS wave function is normalized.
In the model we have several parameters, i.e. α to each other when we solve the eigenvalue equation with a fixed eigenvalue [10] .
The parameter κ varies in the region between 0.02GeV 3 and 0.1GeV 3 [10] . From Eq. Since µ 2 π is a Lorentz scalar [22] we are free to choose a special frame for the calculation of this parameter. For simplicity we choose the rest frame of Λ b in which Eq. (2) becomes
The diagram for calculating the average kinetic energy of the b quark inside Λ b is shown in Fig. 2 . Assuming the light diquark acts as a spectator, we obtain the following expression for µ 2 π which is related to the BS wave function of Λ b :
Substituting Eq. (9) and the relation between φ P (p) andφ P (p t ), Eq. (10), into Eq. (17) and integrating the p l component by selecting the proper contour we have The three-dimensional integral in Eq. (18) can be simplified to one-dimensional integral. This leads to
As shown in Fig. 1 , the numerical results for the BS wave functionφ P (p t ) depend on the parameters κ (or α 
where 
where the error includes those from both µ tracted from the fit in Ref. [33] while ρ 3 , which is a nonlocal correlator of the two
as the difference between the mass of a heavy hadron and the mass of the heavy quark inside the hadron in the heavy quark limit) [33] . ρ 3 is also expected to be of orderΛ 3 . Although there may be some cancellation between the parameters ρ we takeΛ to be 0.6GeV [33] .
Taking into account all the uncertainties from µ For instance, when M D is 0.65GeV , κ is roughly in the range 0.02GeV 3 ∼ 0.08GeV Table 1 , while when M D are 0.7GeV and 0.8GeV , κ are roughly in the ranges 0.02GeV 3 ∼ 0.06GeV 3 and 0.02GeV Tables 2 and 3 , respectively.
IV. Summary and Discussion
The average kinetic energy of the b quark inside Λ b , µ We have compared our result with the value of µ 
